Inversion heterozygotes are expected to suffer from reduced fertility and a high incidence of chromosomally unbalanced gametes due to recombination within the inverted region. Non-homologous synapsis of the inverted regions can prevent recombination there and diminish the deleterious effects of inversion heterozygosity. The choice between non-homologous and homologous synapsis depends on the size of inversion, its genetic content, its location in relation to the centromere and telomere, and genetic background. In addition, there is a class of inversions in which homologous synapsis is gradually replaced by non-homologous synapsis during meiotic progression. This process is called synaptic adjustment. The degree of synaptic adjustment depends critically on the presence and location of the COs (crossovers) within the inversion loop. Only bivalents without COs within the loop and those with COs in the middle of the inversion can be completely adjusted and became linear.
loops result in abnormal chromatids. Dicentric and acentric chromatids are produced in the case of paracentric inversions. The products of recombination in the heterozygotes for pericentric inversions contain deletions and duplications. In both cases, the CO gametes are unbalanced and may result in unfit zygotes. This must lead to a rapid elimination of the inversions from natural populations.
However, a stable polymorphism for both pericentric and paracentric inversions is widespread in natural populations of various species [2] . The inversions are the most frequent type of chromosome rearrangements observed in human populations. It has been demonstrated that the fertility of the inversion carriers is not reduced at all or only slightly reduced [1] . Moreover, Stefansson et al. [3] demonstrated a positive selection for a particular inversion in a human population due to a higher fertility of the female carriers.
Non-homologous synapsis within inverted regions suppresses deleterious effects of inversion heterozygosity
The most probable explanation of normal fertility of the heterozygotes for inversions is that in such cases an inversion loop does not form. Instead, the inversion region pairs non-homologously with the normal partner, forming a straight bivalent. This causes crossing-over suppression in the inverted region and prevents a generation of unbalanced gametes.
Studies in heterozygotes for different inversions in different species revealed different patterns of synaptic behavior of the chromosomes involved in the rearrangement. In some cases, loops in the inversion heterozygotes were not observed at all [4] [5] [6] [7] [8] [9] [10] [11] . The linear bivalents observed in these studies could have occurred due to immediate heterosynapsis at late zygotene/early pachytene [4, 6] or intermediate asynapsis of the inverted region followed by delayed heterosynapsis at late pachytene [5, 7, 11] . In some cases, the frequency of the cells containing loops and the relative size of the loops remained the same throughout pachytene [12] [13] [14] .
Factors determining an inversion loop formation
The loop formation in inversion heterozygotes depends on cytogenetic characteristics of the inversion (position, size and morphology of the inverted region and localization of breakpoints) as well as on the genetic background.
An occurrence of the inversion loop requires synapsis initiation at a minimum of three sites: one within the inverted region and two outside (Figure 1a) . Therefore the size of the inversion is critical for loop formation. The larger the inversion, the higher the probability of initiating synapsis within it. Several studies demonstrated that loops rarely occurred in heterozygotes for small inversions, and heterosynapsis of the inverted segment was detected at zygotene and throughout pachytene [7, 8, 11, 15] .
Another important factor is the position of the inverted region in relation to the telomere and centromere. The most common configuration for the short centrally located inversions is one with partial asynapsis, subsequently progressing to heterosynapsis [16] . Even relatively large inversions located close to the telomere often fail to produce loops in heterozygotes [16, 17] .
Ashley [18] suggested that the choice between homoand hetero-synapsis at zygotene depends on the localization of the inversion breakpoints. According to this hypothesis, loops in pericentric inversions are routinely formed only in the cases when both breaks occur in G-light bands. In other cases, heterosynapsis is accomplished without previous homosynapsis, even at the late zygotene/early pachytene stage. Thereafter, de Perdigo et al. [19] reviewed synaptic behaviour in six men heterozygous for a pericentric inversion, providing results in agreement with Ashley's hypothesis [18] .
Allelic variation for the genes controlling chromosome synapsis may also influence the chance of loop formation. Borodin et al. [20] demonstrated that in mice heterozygous for the same inversion, the frequency of pachytene cells with loops varied in different genetic backgrounds.
From homologous to non-homologous synapsis: synaptic adjustment
In addition to the variants of synaptic behaviour of the inversions described above, there is a variant for which homologous synapsis inside an inversion is gradually replaced by non-homologous synapsis.
Studying male mice heterozygous for two large paracentric inversions in chromosomes 1 and 5, Moses et al. [21] found no inversion loops at late pachytene, whereas every nucleus at the early stage contained a bivalent with a loop. A sequential analysis of the cells from early to late pachytene demonstrated a gradual decrease of the frequency of cells containing the inversion loop and the relative size of the loops.
Interpreting these observations, Moses et al. [21] proposed a 'synaptic adjustment' model. According to this model, the inversion loop is transformed into a linear structure by gradual desynapsis started from both loop ends followed by non-homologous resynapsis. Through this process homosynapsis is replaced by heterosynapsis (Figure 1 ). Synaptic adjustment of inversion loops has been well documented in laboratory mice [17, [22] [23] [24] , humans [25, 26] , chickens [27] and Neurospora crassa [28] .
Moses et al. [21] suggested that synaptic adjustment was a general phenomenon that could occur in heterozygotes for various chromosomal rearrangements. Indeed, Moses and Poorman [29] showed, in mice heterozygous for a tandem duplication, that the 'buckles' or D-loops of unpaired duplicated chromatin were visible at early pachytene and then completely adjusted by late pachytene. It was confirmed in many studies that non-homologous chromosome regions in heterozygotes for different rearrangements, such as deletions/insertions/duplications [16, 30] and reciprocal [31] [32] [33] and Robertsonian translocations [34, 35] , could form heterosynaptic structures. The axes of avian Z and W chromosomes, which differed in their lengths at zygotene, were found to become the same size and to be completely paired during pachytene [36, 37] .
All these observations confirm that heteromorphic synaptic configurations occurring at the end of zygotene tend to be transformed into linear homomorphic configurations during pachytene. The main benefit of this transformation could be a decrease of asynapsis. This is consistent with the existence of pachytene checkpoint mechanisms that are triggered by unpaired chromosomal regions and lead to apoptosis and spermatogenic arrest [38] . It has been proposed that pachytene arrest occurs as a consequence of MSUC (meiotic silencing of unsynapsed chromatin) [39] . From this point of view, synaptic adjustment (non-homologous synapsis of unpaired chromatin) can be interpreted as a mechanism of rescue of the cells with rearranged chromosomes from meiotic failure induced by MSUC [40] .
However, homologous synapsis in the heterozygotes for inversions usually involves the entire loop length, leaving almost no asynaptic zones. In this case, loop resolution does not appear to be critical for cell survival. Short unpaired chromosome regions are not usually silenced and do not trigger pachytene spermatocyte loss [40] .
Synaptic adjustment and crossing-over
The model of synaptic adjustment suggests that homologous synapsis inside an inversion is gradually replaced by non-homologous synapsis. Crossing-over is possible in homologously paired chromosome regions only. Can the synaptic adjustment serve as a mechanism of suppressing crossing-over in the inverted region and preventing its deleterious effects on the fertility of the carriers?
Moses et al. [21] suggested that synaptic adjustment in inversion heterozygotes may suppress crossing-over in the inversions. They found that the frequency of the COs inside both inversions studied (measured by anaphase bridges) was half of that expected. Moses et al. [21] realized that once it appears, a CO should pose topological problems to adjustment, the severity of which increases with increasing distance from the middle of the inversion. However, because they considered synaptic adjustment (desynapsis of the inversion loop and subsequent resynapsis) as a gradual process starting from both ends of the loop, they supposed that the regions closer to the ends had to be adjusted first and became unavailable for recombination. The mid-inversion loop region would remain homosynapsed for the longest time period and should show the least reduction of crossingover frequency. However, all these arguments are based on the assumption that crossing-over occurs during synaptic adjustment.
More recent results demonstrate that initiation of recombination events occurs very early in the first meiotic prophase. DSBs (double-strand breaks), which are necessary for synapsis and crossing-over initiation, occur at leptotene. DSB formation is followed by the sequential appearance of two intermediates, SEIs (single-end invasions) and dHJs (double Holliday junctions). SEI formation is concomitant with SC formation at late leptotene/early zygotene and is completed during the period of SC formation at zygotene. dHJs occur during pachytene and persist until the end of pachytene [41, 42] . Thus recombination intermediates that provide covalent links between chromosomes are formed quite early. Therefore synaptic adjustment cannot start before they are resolved.
There are two pathways for the resolution of intermediates, which form two types of products: COs and NCOs (noncrossovers). Early models of recombination suggested that COs and NCOs resulted from alternative modes of Hollidayjunction resolution [43, 44] . More recent recombination models suggest that the CO/NCO decision is made much earlier, prior to or during formation of stable strand exchange [41] . According to these models, NCO recombinants may occur through a pathway that does not involve a Hollidayjunction intermediate and even prior to SEI formation [42] . Notably, the results of a physical assay [45] indicate that NCO DNA heteroduplexes occur in yeast meiosis at least 30 min earlier than CO DNA heteroduplexes. Therefore it seems that the inversion loop without CO intermediates may undergo synaptic adjustment as soon as NCO intermediates are resolved. However, if crossing-over occurs within the loop, it acts as a physical barrier to the adjustment. In other words, the adjustment proceeds until it is stopped by the CO point.
We suggest that the relative position of crossing-over within the inversion loop should affect the degree of adjustment. In accordance with the adjustment mechanism proposed by Moses et al. [21] , we assume that the closer the CO is located to the loop end, the lower the degree of adjustment it permits. Synaptic adjustment only can be completed if crossing-over is located in the middle of the inverted region.
In(1)1Rk inversion revisited 30 years after Moses
To check this suggestion, we re-examined synaptic adjustment in female mice heterozygous for the paracentric inversion In(1)1Rk on chromosome 1, the same inversion that Moses et al. [21] worked with nearly 30 years ago. We took advantage of modern cytological methods. Using FISH (fluorescence in situ hybridization) with a chromosomespecific paint probe marking the breakpoints of the inversion, we were able to identify the bivalent 1, both adjusted and non-adjusted, at the SC spreads. To localize the sites of crossing-over at bivalent 1, we used immunostaining of MLH1 (mutL homologue 1), a mismatch-repair protein of mature recombination nodules [46] . MLH1 has been proven to be a reliable marker of recombination sites [47] [48] [49] .
We observed inversion loops of different sizes in 30 % of late-pachytene cells. Half of them contained MLH1 foci within the loops (Figures 2a-2c) . In small (partially adjusted) loops, we often observed MLH1 signal at the points of switching of the pairing partner (Figure 2b ). This matches the prediction that synaptic adjustment stops at the point where it bumps into a CO.
The majority of late-pachytene cells contained linear bivalents of chromosome 1 with no loop. Such bivalents might be either the bivalents that had been non-homologously paired at zygotene or those that had been paired homologously and formed the loop, which was then adjusted during pachytene. Both types of bivalents should have no recombination sites within the limits of the inversion. Yet, approx. 20 % of the straight bivalents contained a single MLH1 focus in that region (Figure 2d ), and this single MLH1 focus was always located at the inversion midpoint. This is the only location where crossing-over does not prevent synaptic adjustment. Apparently, the bivalents that had COs in this point had been adjusted and became linear (Figures 2c and  2d ). The bivalents with COs inside the inversion loop, but not in the midpoint of the inversion, retained the loop until the end of pachytene (Figures 2a and 2b) .
Thus the degree of synaptic adjustment depends critically on the presence and location of the COs within the inversion loop. Because the process of synaptic adjustment takes place after CO occurrence, it cannot serve as a mechanism of crossing-over suppression in the inverted regions and cannot prevent formation of unbalanced gametes.
